geneous catalysis because of its fine particle size, high surface area, surface catalytic activity, high mechanical resistance, excellent thermal stability, and wide range of chemical, physical, and catalytic properties 13 15 . Several studies attempt to synthesize alumina that has uniform mesoporous distribution. Besides, the surface area and pore structure also play important roles in the catalytic activity. The nanocrystalline Al 2 O 3 has been generally synthesized by the sol-gel 16 , precipitation 17 , flame spray pyrolysis 18 and solvothermal 13 15 methods. The solvothermal synthesis attracts the most attention because this application gives products with small uniform morphology, homogeneous chemical composition, and narrow size distribution 19 .
The nanocrystalline Al 2 O 3 having mixed γ-and χ-crystalline phases, which is prepared from the thermal decomposition of aluminium isopropoxide AIP in organic solvent exhibits high thermal stability. The nanocrystalline χ-Al 2 O 3 is one of the metastable polymorphs based on the hexagonal close packing hcp of the oxygen atom 20 . The previous studies show that highly stable nanocrystalline Al 2 O 3 with mixed γ-and χ-crystalline phases prepared by the solvothermal method resulted in interesting outcomes. It can be employed as catalyst supports in many catalytic reactions such as CO oxidation 21 , and propane oxidation 22 .
The goal of this research was to present the outstanding properties of the nanocrystalline alumina comprising of mixed γ-and χ-crystalline phases for catalytic behaviors via vapor phase ethanol dehydration. The mixed γ-and χ-crystalline phase alumina was prepared using the solvothermal method. The results obtained from catalytic behaviors are used to evaluate the role of the different characteristics on the overall reaction activity and product selectivity.
Experimental

Materials
Chemicals as follows were used; aluminium isopropoxide 98 Aldrich , methanol commercial grad , 1-butanol Fischer scientific , toluene Fischer scientific , and 99.9 ethanol VWRPROLABO .
Nanocrystalline aluminapreparation
Nanocrystalline alumina having different chi and gamma phases Table 1 were prepared by the solvothermal method according to the procedure described by Meephoka et al. 21 . 25 g of aluminium isopropoxide AIP, 25g was dissolved in 100 ml with different ratios of mixed solvent butanol and toluene as shown in Table 1 in a test tube.
The autoclave was purged with nitrogen after that it was heated up to the desired temperature 300 at the rate of 2.5 min 1 and the temperature was held for 2 h. The precipitated powder was collected after the autoclave had been cooled to room temperature. The white powder was repeatedly washed with methanol and dried at room temperature. The synthesized alumina was subsequently calcined with a heating rate of 10 /min at the temperature raised to 600 and held on that temperature for 6 h using an air flow rate of 100 Ml/min. The obtained alumina catalysts consisting of single γ-phase, 30 , 50 χ-phase and single χ-phase are denoted as G100, G70C30, G50C50 and C100, respectively as confirmed by the XRD measurement.
Catalyst characterization and reaction test
The prepared alumina catalysts were characterized by several techniques as follows; 2.3.1 Surface area and porosity N 2 physisorption N 2 adsorption at 196 in a Micromeritics ASPS 2020 was performed to determine surface areas, pore size and adsorption isotherm of the different alumina catalysts. 2.3.2 X-ray diffraction XRD XRD was used to determine the phase composition of the different mixed phase alumina using Bruker D8 Advance X-ray diffractometer with Cu-K α radiation λ 1.54056 Å with Ni filter in the 2θ range of 20-80 degrees with resolution of 0.04 . 2.3.3 Scanning electron microscopy SEM and dispersive X-ray spectroscopy EDX SEM JEOL mode JSM-5800LV and EDX Link Isis Series 300 were used to determine the morphology and elemental distribution of the catalyst particles. The morphology of alumina samples was observed using JEOL-JEM 200CX transmission electron microscope operated at 100 kV. G100  0  100  0  100  0  30   G70C30  30  70  30  70  9  21   G50C50  50  50  50  50  15  15   C100  100  0  100  0  30  0 2.3.4 Ammonia temperature programmed desorption NH 3 -TPD The acidity of alumina was investigated by temperature programmed desorption of ammonia using a Micromeritics Chemisorp 2750 with a computer. First, 0.10 g of the alumina sample was placed in a glass tube and pretreated at 500 with flowing of helium for 1 h. Then, the sample was saturated with 15 NH 3 in He at room temperature. After saturation, the physisorbed ammonia was desorbed in a He flow for 3 h. Then, the sample was heated from 30 to 500 with a heating rate of 10 /min. The effluent amount of ammonia was measured via TCD signal as a function of time. 2.3.5 X-ray photoelectron spectroscopy XPS The XPS analysis was performed originally using an AMICUS spectrometer equipped with a Mg K α X-ray radiation. For a typical analysis, the source was operated at voltage of 15 kV and current of 12 mA. The pressure in the analysis chamber was less than 10 5 Pa.
Ethanol dehydration was performed to determine the overall activity and desired product yield of the catalysts. Typically, 0.05 g of catalyst was packed in the middle of the glass microreactor. The catalyst sample was pre-treated in situ in flowing Ar 50 mL/min at 200 for 1 h prior to ethanol dehydration. Ethanol was introduced into the reactor by bubbling Ar as a carrier gas through the saturator, while the temperature was kept at 45 to maintain the partial pressure and hence the composition of the feed. A flow rate of Ar was kept at 50 mL/min with WHSV of 8. 
Results and discussion
Characteristics
The physical properties of the catalysts were obtained from the N 2 physisorption and XRD data. The compositions of γ-and χ-phases of nanocrystalline alumina were produced depending on the different types and amounts of solvents, such as 1-butanol and toluene employed during the synthesis. In fact, the mixed γ-and χ-phases of nanocrystalline alumina was controllably obtained by mixing solvents between 1-butanol and toluene with desirable composition as shown in Table 1 . The phase identification of all catalysts was carried out on the basis of data obtained from XRD measurement as shown in Fig. 1 . The G100 catalyst, exhibits the diffraction peak at 32 37, 39, 45, 61 and 66 as proven that G100 catalyst is the single γ-phase.
Moreover, with the use of mixed solvent between toluene and 1-butanol, the characteristic diffraction peak of χ-phase nanocrystalline alumina was remarkably appeared at 43 . Certainly, the higher intensity of peak area at 43 can be attributed to the increase of χ-phase present in the catalysts. In addition, the γ-and χ-phase compositions of alumina catalysts were determined by the area of characteristic peak at 43 from the calibration curve obtaining from the XRD patterns of the physical mixture between single γ-and χ-phase with different contents according to Meephoka et al. 21 The effect of phase composition on the pore size and pore size distribution of catalysts measured by the nitrogen adsorption-desorption is shown in Figs. 2a and 2b. The isotherms of all catalysts are in the classical shape of the typical Type IV isotherms that refer to mesoporous materials as described by the IUPAC. As seen in Fig. 2a , the isotherms of the G70C30, G50C50, and C100 catalysts reveal the H1 hysteresis loops occurred at a relative pressure range P/P 0 of 0.55 -0.95. The H1 hysteresis loop is often associated with porous materials indicating a broad pore size distribution with a uniform cylindrical-like pore. In the contrary, the isotherm of G100 catalyst was quite different indicating that the H3 hysteresis loop does not exhibit any limiting adsorption at high relative pressure. This behavior can be for instance caused by the existence of non-rigid aggregation of wrinkled sheet-like particles or agglomeration of slit-shaped pores. The pore size distribution present here confirms isotherm assertion and mesoporous structure for all prepared catalysts as seen in Fig. 2b . The structural parameters of all alumina catalysts derived from these isotherms are summarized in Table 2 . The BET surface area of the catalysts decreased from 257 to136 m 2 /g with the larger quantity of χ-phase being present from 0 to 100 , whereas the average pore diameter was rather similar for the different catalysts. The SEM images of prepared catalysts containing the single γ-phase G100 , the mixed-phase G50C50 and χ-phase C100 are shown in Figs. 3a-3c , respectively. It can be observed that the catalyst particles are the secondary agglomerated catalyst particles of the prepared single γ-phase and single χ-phase alumina resulting in the presence of large micron sized granules.
It is well known that the acidity on the surface of alumina catalysts importantly influences on their catalytic properties. The acidity and acid strength were investigated using the temperature-programmed desorption of NH 3 NH 3 -TPD . The bimodal desorption peaks obviously reveal that the catalyst samples occupy a heterogeneous distribution of two different strength types of acid sites. Two distinguish desorption peaks are according to the temperature range between 40 to 250 and 250 to 500 as 
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seen in Fig. 4 . This can be generally assigned to the overlap of two desorption steps of weak acid sites and moderate to strong acid sites. The weak acid sites are probably defined as Lewis acid site on aluminum oxide at lower temperature 1 . It was found that the fraction of weak acid sites for all catalysts was ranged between 22.5 to 36.4 . On the contrary, the moderate to strong mode of interaction is perhaps defined as the Brønsted acid sites at higher temperature 1 . However, the identity of acid type, which was evaluated by NH 3 -TPD, was unclear. The total amount of acid sites determined either per mass of catalysts or per surface area is practically equal for all catalysts as given in Table 3 . The total acid sites for all catalysts were ranged from 804 to 1,332 μmol NH 3 /g. It can be observed that mainly the acid sites distribution was consistent upon the moderate to strong acid sites. In addition, if the NH 3 desorption data are expressed in per unit surface area, the density of surface acid sites for all alumina catalysts will approximately range between 4.4 to 7.7 μmol NH 3 /m 2 . The G70C30 catalyst exhibited the highest concentration of the acid sites at 1,332 μmol NH 3 /g, while the G50C50 catalyst displayed the highest acid density on the surface of the catalyst at 7.7 μmol NH 3 /m 2 . This crucial characteristic will be used to explain the catalytic behaviors for all catalysts during ethanol dehydration reaction.
Ethanol dehydration reaction
In order to determine the catalytic behaviors of all prepared catalysts, the conversion of ethanol and the yield of products such as ethylene, diethyl ether and acetaldehyde as a function of temperature were investigated in vapor phase ethanol dehydration. The experiment was performed with the same catalyst weight. The dehydration activity is already significant at ca. 200 and total at 400 as displayed in Table 4 . Typically, ethanol conversion increases as the reaction temperature is raised. The obtained catalytic activity for all catalysts can be achieved completely for ethanol conversion at 300 . The resulting conversions respectively. The catalytic activity decreased in the order: G50C50 C100 G70C30 G100 during the reaction temperature around 200 to 300 . Moreover, it can be observed that the catalytic activity of the mixed of γ-and χ-alumina G70C30 and G50C50 and single χ-phase alumina C100 exhibited remarkably higher catalytic conversion than the single γ-phase alumina G100 at the temperature of 200 . During the reaction temperature between 225 to 275 , it was attractively observed that G50C50 and C100 still present distinctly high catalytic conversion, whereas G70C30 was not significantly different in the catalytic activity with G100. In a number of researches, they were observed that the acidity over solid catalysts predominantly plays an important role on alcoholic dehydration. The presence of strong acid sites on alumina catalysts increases the alcoholic conversion 14, 23, 24 . The result indicated that the dehydration activity was independent of the amount of acid sites on the catalyst. Evidently, this is consequence of an effect of phase composition on alumina catalysts as being observed from the result that C100 exhibits higher catalytic activity thanG100 in spite of its lower acidity. Moreover, the effect of different morphologies on the physicochemical, surface and catalytic properties of γ-alumina was also explained 25 . Interestingly, this catalytic observation displayed the ethanol conversions and reaction rate related to the acid density 10 μmol NH 3 /m 2 as mentioned in Table 3 . The obtained highest activity of G50C50 was in accordance with the largest total acid density 7.7 μmol NH 3 / m 2 , while the lowest activity of G100 was corresponding to the least total acid density 4.4 μmol NH 3 /m 2 . The important factor is difficult to understand, while the mechanistic detail of ethylene formation remains unclear. In a number of experiments, it was demonstrated that the ethylene and diethyl ether formation depends on acidity. The catalytic process may occur via two reaction pathways. One possible pathway includes diethyl ether acts as a reaction intermediate, which is subsequently decomposed to ethylene and ethanol 26, 27 as seen in Scheme 1. A bimolecular nucleophilic substitution mechanism is preferred with two adjacent ethanol molecules which probably co-adsorb on two nearby neighboring sites and react to form an ethanol dimeric species diethyl ether at low temperature. The shorter distances between two nearby neighboring acid sites high acid density probably lead to rapidly react to form diethyl ether as seen in Scheme 1. This rationale can be used to clarify the fact that why diethyl ether selectivity is dominant at low temperature 5, 10 .
Ethanol conversion can be catalyzed by acidic or basic site, therefore the yield of desired products can be easily related to the characteristics of the surface. Besides, the measurement of elemental composition on the catalyst surface such as XPS is famous as one of the most powerful techniques that can be also applied to obtain the information of the oxidation state and chemical environment of the elements on the surface of the catalyst. The XPS analysis, that has the depth of ca. 10 Å, convinces the external surface elemental concentrations influencing on the catalytic activity. The XPS data for all alumina catalysts are given in Table 5 . The Al 2p and O 1s peaks were detected at the binding energy between 74.10 to 75.05 eV and 531.00 to 531.95 eV, respectively. As seen from XPS results, the atomic ratio of Al 2p over O 1s is slightly lower than the expected composition of Al 2 O 3 , which has the value of 0.67. It was observed that the atomic ratios of Al 2p over O 1s were ranged from 0.478 to 0.530. Moreover, this ratio slightly decreased with increasing the quantity of χ-phase. This reason becomes apparent from the possessed defect spinel lattices, which are slightly tetragonal distortScheme 1 The conceptual pathway for ethanol conversion. ed that can be pronounced for γ-alumina 25 . Hexagonal χ-alumina seems to possess a layer structure. The arrangement of anions inherited from gibbsite, whereas the aluminum cations occupy octahedral sites within the hexagonal oxygen layer 28 .
In principle, the transition alumina generally from aluminum monohydroxide and trihydroxide. As the dehydration process of transition alumina in air takes place, the loss of water by desorption of physisorbed water or by condensation of hydroxyl group occurs. The dehydroxylation condition predominantly presents that the condensation of two nearby surface hydroxyls forms water molecule on the surface during the formation of alumina catalysts as seen in Scheme 2 1 .
As mentioned above, the O 1s spectra show the presence of three different oxygen species. The spectra analysis of XPS core level spectra focusing on O 1s was used to identify the oxygen species on the surface of all alumina catalysts as seen in Figs. 5a-5d . The deconvolution of the O 1s spectra, separated and fitted into three signals can be generally attributed to the different species of atomic oxygen such as H 2 O, OH and O on the surface. Normally, the crystal structure of corundum has lattice oxygen O , which is in the form of aluminium oxide in accordance with binding energy of 530.7 eV 29 . Besides, the corundum structure of alumina contains O 1s peak including surface hydroxyl OH and lattice water H 2 O corresponded to 532.1 and 532.9 eV, respectively. The atomic concentrations of each O 1s species for all catalysts were fitted and determined as mentioned in Table 5 . This result presents that the G100 catalyst exhibited the highest area fraction of the lattice oxygen about 77.4 from the total atomic oxygen, while the G50C50 catalyst displayed the maximum value of the lattice water ca. 22.6 from the total atomic oxygen. The alumina catalysts predominantly lead to the formation of ethylene and diethyl ether either with minor amount of acetaldehyde for ethanol dehydration. The process involves the unimolecular dehydration of ethanol leading to ethylene formation, while the bimolecular reaction produces diethyl ether. The yield towards ethylene increased with rising reaction temperature, while the yield towards diethyl ether apparently decreased Table 6 . At low temperature, ethanol dehydration is predominantly a bimolecular reaction whilst the unimolecular reaction route prevails at high temperature 30 . On the contrary, the mechanism of ethylene formation has been expected from the decomposition of diethyl ether at higher temperature 31, 32 .
The yield towards ethylene reaches around 88.4 to 97.9 at 300 . The obtained yield of ethylene for all catalysts was approximately completed at the reaction temperature range between 300 to 350 . It decreased in the following order: G50C50 C100 G70C30 G100 as observed at the reaction temperature between 200 to 300 . This result can likely be illustrated as the dehydration of ethanol to ethylene corresponded to the amount of lattice water Brønsted acid on the surface, which was evaluated from the O 1s core level spectra as shown in Table 5 . The H 2 O fraction decreased in the following order: G50C50 22.6 C100 20.5 G70C30 14.6 G100 2.3 . The Scheme 2 The conceptual pathway for acid site formation on alumina surface by dehydroxylation process 1 . predominant concentration of lattice water on the surface of G50C50 was received while the highest efficient yield of ethylene was detected. This relation is in good agreement with the Brønsted acid, that being active sites as the direct conversion of ethanol into ethylene via elimination reaction 8 . Recently, the appearance of lattice water in hydrated AgPW salts plays important role in generation of protons, which needed for an acidic type reaction 33 . Moreover, a moderate surface acid site of ZSM-5 seems to be suitable for bioethanol to ethylene reaction 34 . In addition, C100 has a higher yield of ethylene than that of G100. This attractive observation is an effect of phase composition on alumina catalysts. Moreover, the possible pathway including diethyl ether formation and decomposition leads to ethylene production as mentioned before. The higher efficiency of diethyl ether formation probably took place to higher eth- Table 6 . The obtained yield of diethyl ether for all catalysts was absolutely disappeared at the reaction temperature of 300 . It decreased in the following order: G100 G70C30 C100 G50C50during the reaction temperature between 200 to 300 . The yield of diethyl ether is disproportional to the yield of ethylene. The highest ethylene yield of G50C50 was obtained, while the lowest efficient yield of diethyl ether was found. The formation towards acetaldehyde can be observed at the reaction temperature around 200 to 350 . It decreased in the following order: G100 G70C30 C100 G50C50. Moreover, the yield of acetaldehyde from the mixed phase of γ-and χ-alumina G70C30 and G50C50 and single χ-phases alumina C100 remarkably displayed the low yield at 1.6 , while the single γ-phase alumina G100 exhibited 3.9 at the reaction temperature of 200 . This evidence can be alternatively used to suggest that the appearance of χ-phases promoted the inhibition of dehydrogenation reaction. Nevertheless, the suitable temperature of the acetaldehyde formation was seen around 275 . The basic catalysts are responsible for the dehydrogenation of ethanol to produce acetaldehyde 35 .
It should be noted that the appearance of metastable χ-alumina structure based on hexagonal close packing hcp exhibited better catalytic activity and ethylene yield than γ-alumina with the cubic close packing ccp . However, to compare the performance for ethylene production, the ethylene yield at 80 is considered for this framework alumina catalyst. Thus, the plot of ethylene yield as a function of temperature was shown in Fig. 6 . For the reaction temperature at 200 , the ethylene yield of G50C50 is 3.5, 2.7 and 2.6 times higher than that of G100, C100 and G70C30, respectively. In addition, the temperature at which ethylene yield reaches at 80 is designated as T 80 . The obtained T of G50C50, C100, G70C30 and G100 catalysts is 252, 257, 277 and 284 , respectively. It indicated that the G50C50 distinctly exhibits the best performance in ethylene production, even at the reaction temperature lower than 300 .
Conclusion
In summary, the combination of nanocrystalline γ-and χ-alumina can be attractively used for catalytic dehydration of ethanol with distinct chemical and physical properties from single γ-and χ-phase alumina. The correlation between ethanol conversion and acid density of the catalysts suggested that the possible pathway includes diethyl ether as a reaction intermediate, which is continually decomposed to ethylene at low temperature. The relationship between ethylene yield and H 2 O on surface as observed from XPS analysis is crucial. The effect of phase composition and crystallographic orientation on alumina displays the distinct activity of acid site. The appearance of metastable χ-alumina structure based on hexagonal close packing hcp exhibits better catalytic conversion and ethylene yield than γ-alumina based on cubic close packing ccp , in spite of its lower acidity. The resulting catalytic activity in ethanol dehydration was dependent on the sample acidity. This behavior can be explained by the combination of samples acid density and surface adsorbed water. This work highlights on both adsorbed water and acid density that must be considered in the evaluation of the overall activity of the catalysts.
